We propose and experimentally demonstrate a photonic approach for the measurement of microwave frequencies with adjustable measurement range and resolution. After an unknown microwave signal is modulated onto an optical carrier by a Mach-Zehnder modulator (MZM), the optical output of the MZM is sent to two programmable differential group delay (DGD) modules to introduce different microwave power fading effect, respectively. When the microwave powers of the two channels are measured with two photodetectors (PDs) separately, a fixed relationship between the microwave power ratio and microwave frequency is established. The frequency measurement range and resolution can be tuned by electrically varying the DGD values. Frequency measurement with good accuracy for the microwave signals is experimentally realized. When the input power of continuous wave (CW) microwave signal is within the range of -15 dBm to -3 dBm, the measured errors remain within ±0.04 GHz for a measurement range of 4.5-6.5 GHz.
Introduction
The low-loss and wide-bandwidth of microwave photonic systems makes them attractive for the transmission and processing of microwave signals. The use of opto-electronics in microwave systems has now become a commercial reality in radio-over-fiber (RoF) access networks, and there are also many emerging applications in phased-array antennas, electronic warfare (EW), ultrafast noninvasive measurements, and radio astronomy [1] . Due to the unique advantages such as broadband, potential parallel processing capability and immunity to electromagnetic interference (EMI) etc, there are a number of applications that could directly benefit from photonic-assisted microwave signal processing techniques [2] . One of the key parameters of interest in microwave photonic systems is the carrier frequency of the intercepted signal, which is commonly operated in a broadband frequency range [3] . Thus, it is desirable to estimate the carrier frequency of a pulse in a very short time before instructing countermeasure systems, or matching a concatenated receiver that performs the information reception and analysis. However, conventional microwave frequency measurement systems usually suffer from limited bandwidth, slow response, and great vulnerability to EMI. Recently, photonic-assisted IFM systems, based on the frequency-to-power mapping technique, have attracted considerable attention during the past few years [4] [5] [6] [7] [8] [9] [10] . In such techniques, the frequency of unknown continuous wave (CW) microwave signal can be estimated according to a unique relationship, known as the amplitude comparison function (ACF), between the microwave frequency and the ratio of two dispersion-induced RF power-fading functions. The RF power fading can be easily realized in an intensity-modulated or phase-modulated dispersive RoF link. For instance, in [4] [5] [6] , the ACF was obtained by propagating double sideband (DSB) modulated optical carriers through a dispersive media. It was found that the measurement range could be adjusted by varying the wavelength spacing of the used laser sources. Meanwhile, a reduced measurement error of ±0.02 GHz is achieved over a small measurement range of 11-13.6 GHz [4] . However, multiple laser sources with tunable emission wavelengths were generally needed. Meanwhile, similar techniques, based on optical power monitoring using complementary optical filter pairs, were proposed using only one laser source [7] [8] [9] , which allowed high resolution measurements due to the complementary nature of the transmission responses. Another photonic-assisted IFM based on direct current (DC) power monitoring was demonstrated in [10] . Two cascaded MZMs were used as a mixer and the DC component of the output optical power was extracted by an electrical low-pass filter. The monitored DC power had a fixed relationship with the frequency of the input microwave signal. The use of low frequency photodetectors (PD) simplifies the system configuration and further reduces the system cost. However, due to the oscillatory behavior of the DC voltage, the unambiguous frequency measurement range is limited to 1.2 GHz. Recently, we experimentally demonstrated a scheme to realize a measurement resolution of ±0.25 MHz with a measurement range of 6.908~6.920 GHz, using a photonic microwave filter with an infinite impulse response [11] . In this paper, we propose, analyze, and experimentally demonstrate a novel photonic approach for instantaneous microwave frequency measurement based on programmable differential group delay (DGD) modules. It is also based on the technique of microwave frequency-to-power mapping and an extended application of DGD-based microwave photonic filter [12] . However, it features higher measurement resolution and greater simplicity compared with previous schemes. Furthermore, the possibility of adjusting the measurement range and resolution is demonstrated by simply setting different DGD values instead of adjusting the wavelength spacing between multiple laser sources. Deleterious microwave power fading has been reported in the transmission of analog and digital subcarrier multiplexing (SCM) signals over fiber due to polarization mode dispersion (PMD). The PMD-induced microwave power-fading effect can be described in the time domain, as shown in Fig. 1 . The light can be decomposed along two orthogonal axes of polarization maintaining fiber (PMF), with one axis traveling faster than the other. The DGD between the fast and slow axes causes a phase difference in the corresponding received microwave signals. The phase difference induces interference and may lead to serious microwave power fading that is a function of microwave frequency and accumulated DGD. Recently we have derived the DGD-induced microwave power fading for DSB modulation as follows [13] f is the frequency of the modulating microwave signal, and 0 P is the power of the microwave signal without the PMD effect. When is π/4, the two orthogonal polarizations are equally excited in the PMF, leading to a maximum power fading effect, as described in Eq. (2) 2 0 cos
Operation Principle and Experimental Setup
From the DGD-induced power fading effect, the microwave frequency can be estimated by measuring the microwave power with different DGD-induced power penalties. Furthermore, we can vary the DGD value to get different fading effects, leading to an adjustable microwave frequency range and resolution. Fig. 2 shows the experimental setup for verifying and demonstrating the principle of the proposed scheme for the photonic-assisted microwave frequency measurement. A distributed feedback (DFB) laser source (Yokogawa AQ2201) is used to generate a continuous wave (CW) light at 1550 nm with a 100 kHz linewidth initially. A 40 GHz broadband MZM with a PMF pigtail (Avanex SD-40) is driven by an unknown microwave signal from a vector network analyzer (VNA, Anritsu 37369C). After DSB modulation, the optical carrier is divided into two equal power parts with the same SOP by a polarization maintaining coupler. In order to keep 4 , the output PMF pigtail of polarization maintaining coupler is spliced with the input PMF of the variable DGD module with a shift angle of 45°, using a PMF splicer (Fujikura FSM-40PM). The measured splicing loss is less than 1 dB. Two programmable DGD modules are used to introduce different power fading for the unknown microwave signal. The electrically-controlled DGD modules, operated over a wavelength range of 1550±20 nm, are commercial products (General Photonics DGD-6B1) which have a DGD resolution of 1.36 ps and a DGD range of ±45 ps. According to the product datasheet, the maximum second order PMD is on the order of 90 ps 2 . When the DGD is varied within the range of ±20ps, the second order PMD is negligible. The insertion loss of the programmable DGD modules is less than 1.5 dB. Using the standard Mϋller matrix method (MMM) [14] , we find that the wavelength dependence of the programmable DGD module is almost negligible within a range of 20 nm, as shown in Fig. 3 .
Due to the birefringence of the PMF and the DGD module, light propagating in the two orthogonal polarizations will undergo DGD. The total DGD consists of two parts: one is the fixed DGD induced by 15 meters PMF, and the other is the tunable DGD due to the programmable DGD module. The output microwave powers are measured at the output of the two PDs with a bandwidth of 20 GHz. If we assume that the optical loss of the two channels and the response of PD are identical, we can obtain the following power ratio: Based on Eq. (3), a unique relationship between the output power and the frequency of the input CW microwave signal is obtained and a calibrated look-up table can be established in the monotonic power variation region. The key novelty of our approach is the use of programmable DGD modules, which results in different microwave power penalties for a single wavelength, leading to a frequency-to-power mapping. The frequency measurement range and resolution can be adjusted, if the DGD modules are electrically varied. The whole setup is compact with low loss, while the stability of the setup is improved as it is polarization maintaining. 
Experimental Results and Discussion
A proof-of-concept experiment was performed. When the DGD value of one of the programmable DGD modules was set to 30 ps, 34 ps, 45 ps, 54 ps and 76 ps, respectively, the corresponding power distributions were measured by a vector network analyzer (Anritsu 37369C), as shown in Fig. 4 . Also, no multiple-tap microwave filter response was observed, when the DGD module was continuously tuned. The location of the first notch shifted to low frequencies as the total DGD value was increased. The measurement range and resolution are determined by the location of the first notch. By varying the DGD module in each arm separately, we can easily choose the upper and lower limit of measurement range, respectively. In our proof-of-concept experiment, due to the use of 20GHz PDs, current IFM system can only cover the frequency range from DC to 20 GHz, by generating an ACF with different shape. Initially, the two programmable DGD modules were set to have DGDs of 34 ps and 54 ps, respectively, and the optical powers at different microwave frequencies were measured, from which the power ratio was calculated subsequently. As shown in Fig. 5(a) , the measured power ratios agree well with the theoretical one. Based on the power ratios, the microwave frequencies were estimated, as shown in Fig. 5(b) . When the typical measurement range was from 5 to 9 GHz, the measurement error was around ±0.2 GHz. Outside this measurement range, especially at lower I. frequencies, the measurement errors were significantly increased because of a flat ACF, as shown in Fig. 5 (a) . To demonstrate the capability of flexibly adjusting the measurement range for our proposed scheme, different DGDs were chosen for the two programmable DGD modules. When the DGD values were set to 30 ps and 34 ps, respectively, a new measurement range of 9 to 15 GHz was achieved with the same measurement error of ±0.2 GHz, as shown in Fig. 6 . Therefore, we can experimentally maintain a measurement error of ±0.2 GHz over a frequency range of 5~15GHz. Additionally, the resolution can be adjusted by electrically varying the DGD value. Generally, there is a trade-off between the measurement range and resolution, due to the shape change of ACF. A higher resolution is achieved at the cost of a smaller useful measurement range. As shown in Fig. 7(a) , a significantly reduced measurement error of ±0.04 GHz was achieved for a reduced measurement range of 4.5-6.5 GHz, when the input power of the microwave signal was -3 dBm, and the two DGD values were chosen to be 54 ps and 76 ps, respectively. In addition, to confirm that the proposed IFM system is insensitive to the input microwave power, the measurements were conducted at four power levels (-3, -7, -10 and -15 dBm; set at the VNA). Fig. 7 shows the measurement errors under the four microwave power levels over the measurement range of 4.5 to 6.5 GHz, and it can be seen that a maximum measurement error of ±0.04 GHz was recorded in all cases.
Conclusion
We have proposed, analyzed, and experimentally demonstrated an instantaneous frequency measurement (IFM) system based on programmable DGD modules. The microwave frequency has been estimated by measuring the microwave powers, thanks to a fixed relationship between the power ratio and the microwave frequency. In addition to the benefits of photonic technology, the presented method is compact due to its use of a single laser source and small electricallycontrolled DGD modules, and provides a tunable measurement range and resolution with an operation-wavelength independent measurement. The measured results show a good agreement with theoretically calculated values over a large range of input microwave signal powers. When the input power of the CW microwave signal was varied from -15 dBm to -3 dBm, the measured errors remained within ±0.04 GHz for a measurement range of 4.5-6.5 GHz.
